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ABSTRACT 

Electron beam techniques for joining components of space engines 

have been employed at t h e  L e w i s  Research Center of NASA for more than 

th ree  years. Fabricat  ion methods developed include t h e  product ion of 

porous tungsten ion emitters, thermionic diode assemblies, and l iqu id  

metal heat t r ans fe r  assemblies. Materials involved i n  these  applica- 

t ions include tungsten, porous tungsten, molybdenum, tantalum, 

columbium 1$ zirconium, columbium, titanium, and s t a i n l e s s  steel. 

Some applications have involved the use of t h e  electron beam f o r  

vaporizing metals onto nonmetals. Components produced f o r  Zero G 

g rav i ty  t e s t i n g  required vaporizing tungsten and nichrome materials 

onto g lass  and ceramics. 

Electron beam equipment employed includes both high and l o w  vol t -  

R- age power sources. 



EL;ECTRON BEAM APPLICATION TO WELDING 
SPACE PROPULSION COMPOlTEIVI'S 

The manufacture of space propulsion components has necessi ta ted 

t h e  use of very f i n e  beam welding techniques. Many components of space 

engines require  t h e  jo in t s  be  made under extremely clean conditions due 

t o  t h e  nature of t h e  materials involved. 

some of these  jo in t s  with normal hel iarc  techniques were unsuccessful. 

The jo in t  e i the r  had too  wide a weld band, t h e  l a rge  heated area 

caused cracking, o r  t he  j o i n t s  became contaminated. 

consideration w a s  given t o  t h e  poss ib i l i t y  of solving these  metals 

joining problems by t h e  application of e lectron beam techniques. 

I n i t i a l  attempts at making 

In  view of t h i s ,  

Electron beam welding of space engine components a t  Lewis  

Research Center has been i n  use f o r  more than three years. A high 

voltage welder was i n s t a l l ed  i n  December, 1960. Journeymen model- 

makers were selected t o  operate t h e  equipment. 

experience i n  f ix tur ing  and knowledge of metal movement and heat t rans-  

fer, s a t i s f ac to ry  welds were produced within a f e w  weeks a f t e r  t h e  

equipment was ins ta l led .  

Due t o  t h e i r  thorough 

One of t h e  first fabricat ion problems solved by t h e  electron beam 

Propulsion engines welder was t h e  manufacture of ion engine emitters. 

f o r  space t r a v e l  involve the  use of an emitter that causes a metal l ic  

vapor, such as mercury o r  cesium, t o  ionize when it contacts t h e  e m i t -  

t e r  surface. When a poten t ia l  difference is impressed between t h e  

emit ter  surface and accelerator  plates, t h e  ionized meta l l ic  vapor is 

pul led from t h e  emitter surface with a ce r t a in  veloci ty .  This  ionized 

beam is the  thrust developed f o r  space propulsion. The emitter i tself  
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must have a 

and it m u s t  

ization. A 

good capacity, or  work function, for ionizing t h e  vapors, 

have a m a x i m u m  surface area f o r  t h e  greatest  amount of ion- 

material t h a t  s a t i s f i e s  these  requirements i s  porous tung- 

s t e n .  

joined t o  a supporting s t ructure .  The supporting s t ruc tu re  is usual ly  

wrought tungsten. The first design ( f ig .  1) involved i n s t a l l i n g  a 

0.060- by 0.300- by 6-inch-long porous tungsten in to  a wrought tung- 

s t en  window of overa l l  dimensions 1 l/2 by 8 inches long. Every at-  

tempt at making these  welds resu l ted  i n  cracking of t h e  base materials. 

These j o i n t s  were f i n a l l y  made by dividing t h e  wrought tungsten i n t o  

four  pieces and put t ing each one on t h e  porous tungsten individually.  

In t h i s  manner, t h e  problem of a t taching i n  t h e  center  of a wrought 

tungsten mass with i t s  shrinkage problem, was overcome. 

I n  an ion engine assembly, t h e  porous tungsten emitter must be 

b 

The second jo in t  t o  be made was t h e  attachment of a tantalum 

housing t o  t h e  wrought tungsten supporting plate .  

by a titanium f i l l e r  fusing t h e  tungsten t o  t h e  tantalum housing. 

This was performed 

This design of emitter and housing involved a la rge  amount of 

heat input before t h e  porous tungsten would reach i ts  operating t e m -  

perature of 2350° F. A new design was suggested t o  reduce t h e  neces- 

s a ry  heat input. Instead of a tungsten window, it was suggested t h a t  

a wrought tungsten channel be formed t h a t  would then be attached t o  

t h e  porous tungsten. (See f i g s .  2 and 3.) Two 6-inch long longitudi- 

na l  seams were required. End pieces of wrought tungsten were then 

attached t o  t h e  porous tungsten and wrought tungsten channel. 

was then dis integrated i n t o  one end piece, and a tantalum tube at-  

tached. 

A hole 

A columbium o r  t i tanium r ing  was first f i t t e d  over t h e  
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tantalum tube, and t h e  electron beam was focused on the  f i l l e r  ring. 

While the  r ing was melting, t h e  adjacent areas of tungsten and tantalum 

got just hot enough t o  cause fusion i n  a brazing ac t ion  w i t h  the  use 

of t h e  beam. 

t o  give a crack-free jo in t .  

tantalum tube t o  the  tungsten end p l a t e  was unsatisfactory.  

a l l o y  formed was b r i t t l e  and, i n  some instances, showed cracks. 

This technique of brazing w i t h  t h e  electron beam was used 

In  t h i s  pa r t i cu la r  instance, a weld of t h e  

The weld 

T h i s  design was used as a s ingle  emitter engine i n  most cases. 

I n  one assembly, an a r ray  of 10 emitters were constructed i n  one 

engine connected t o  t h e  cesium boi le rs  by tantalum and s t a in l e s s -  

st eel  tubing. 

The most recent emitter constructed w i t h  t he  electron beam 

welder has eliminated t h e  need of a channel. 

purchased i n  t h e  form of a tube. 

of t h e  porous tungsten surface was washed by t h e  beam t o  give an im-  

pervious surface, ( f ig .  4)- 

f ace  was not washed and remained porous. End pieces were then welded 

t o  t h e  porous tungsten tube, and a tantalum feed tube was brazed in to  

t he  end piece with t i tanium or columbium. 

The porous tungsten was 

With t h e  a i d  of beam deflection, a l l  

Only a narrow s t r i p  of t h e  porous sur- 

M a k i n g  ion emitters w i t h  porous tungsten tubes provided increased 

s t rength  t o  the  assembly, plus the  advantage of heating by res i s tance  

means rather than by ref lect ion.  

Electron beam methods have proven very sat i s f a c t  ory i n  welding 

t h i n  tungsten r e f l ec to r  shields  and cylinders down t o  0.0015 inches i n  

thickness,  

100 inches per minute. 

The methods used required high t a b l e  welding speeds up t o  

I n  some instances, t h e  mater ia l  was lapped, 
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and the  beam was pulsed t o  form t h e  i n i t i a l  seam. 

minimize t h e  shrinkage and lower t h e  cracking tendency f o r  t h e  recrys- 

t a l l i z e d  tungsten weld. 

s t en  sheet. In  t h i s  case, a high speed (up t o  100 in./min.) is  very 

advantageous i n  obtaining a crack-free w e l d .  

Pulsation techniques 

But t  welds are a l s o  made on 0.002-inch tung- 

Research e f f o r t s  i n  extruding various materials have required t h e  

encapsulation of powders inside molybdenum and tungsten b i l l e t s .  The 

b i l l e t s  were in s t a l l ed  i n  t h e  vacuum chamber with t h e  b i l l e t  l i d  held 

open by a solenoid control. 

perature t o  400' F, while t h e  vacuum system evacuated t h e  system t o  a 

level of M O ' ~  Torr, 

on t h e  b i l l e t  with t h e  solenoid control.  The w e l d  was then made be- 

tween t h e  l i d  and t h e  tungsten b i l l e t .  

and the  b i l l e t  allowed t o  cool. When at room temperature, t h e  b i l l e t  

A heater around t h e  b i l l e t  ra i sed  t h e  t e m -  

Af'ter 1 2  hours of evacuation, t h e  l i d  i s  closed 

The heater  was then turned off 

was removed. In t h i s  manner, powders, both 

are encapsulated i n  molybdenum and tungsten 

uat ed conditions. 

Some appl icat ions of e lectron beam equ 

meta l l ic  and nonmetallic, 

b i l l e t s  under highly evac- 

pment have necessi ta ted t h e  

use of t h e  beam as a heat source f o r  vaporizing metals onto nonmetals, 

such as Pyrex, boron n i t r ide ,  and alumina. The materials  vaporized 

were, i n  most cases, molybdenum and tungsten. F i h s  of tungsten a r e  

used f o r  small heater purposes i n  spacecraf't application. 

Tungsten tubes a r e  a l s o  required t o  have a weld seam, which ea- 

s en t i a l ly  has no crown or  underbead. When attempting a s t r a igh t  bu t t  

jo in t  of t h e  tube, a crown or underbead would always resu l t ,  regard- 

less of t h e  var ia t ions i n  beam i n t e n s i t y  or t ab l e  speed; however, t he  

- 4 -  



use of a tungsten f i l l e r  s t r i p  minimized t h i s  e f fec t .  Beam welding i n  

a vacuum allows t h e  f i l l e r  s t r i p  t o  heat at a faster rate than the  

butted tube ends. 

and somewhat of a brazing act ion resul ts .  T h i s  technique is used a l s o  

f o r  Joining sandwich s t ructures .  Sintered metals and nonmetals are 

sheathed w i t h  tungsten. These sandwiches must then be joined. The 

use of a f i l l e r  s t r i p  i n  electron beam welding these  sandwich s t ruc-  

t u r e s  minimizes the  amount of deter iorat ion of t he  central ,  or core, 

material. F i l l e r  s t r i p  var ia t ions include the use of "Tfr sections.  

'IT" sect ions were used as f i l l e r  s t r i p s  t o  prevent blow-thru of t h e  

top  tungsten sheath. The t o t a l  mass of t h e  "T" sect ion f i l l e r  is 

then assimilated i n  t h e  jo in t  area. 

The r e su l t  is  the parent metal has minimum fusion, 

One application f o r  electron beam welding necessi ta ted t h e  con- 

s t ruc t ion  of a l i qu id  metals heater from 250 f ee t  of columbium-1% 

zirconium. The manufacture of t h i s  heater posed a number of fabrica- 

t i o n  problems. (See f ig .  5 . )  The material, 0,050-inch wall by 

1-inch 1 - D .  columbium-l$ zirconium tubing was selected because of 

its compatibil i ty w i t h  l i qu id  metals and i ts  r e l a t i v e l y  high 

s t rength  at elevated temperature. The heater c o i l  designed f o r  

50C-kilowatt operatfon w a s  approximately 6 f e e t  long, 18 inches deep, 

and 4 f e e t  high. 

Requirements i n  producing the  heaters were t h a t  t h e  weld mate- 

r i a l  impurity l e v e l  must not be on a higher l e v e l  than t h e  impurity 

l e v e l  of t h e  parent m e t a l  i t s e l f .  

be  contaminated by the processing operations. 

of parent metal by welds was unacceptable. 

The parent mater ia l  a l s o  must not 

Zncomplete penetration 

Underbead was t o  be held 
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t o  a minimum, undercut was completely unacceptable, and t h e  weld 

metal had t o  be completely free of inclusions. 

f o r t s  indicated t h e  need t o  overage t h e  welds at 2200’ F. 

precautionary measure against l o s s  of d u c t i l i t y  and corrosion resis- 

tance t h a t  might, occur from prec ip i ta t ion  of zirconium gas complexes 

i n  the  grain boundaries of t h e  weld metal. 

Previous research ef- 

This was a 

In addition t o  a l l  of these  welding requirements, t h e  tubing had 

t o  be chemically clean at a l l  times. 

The tubing provided, as previously stated,  had a 1-inch LD, and 

0.050-inch wal l ,  and t h e  lengths var ied between 1 7  and 19.5 feet. 

After some i n i t i a l  consideration w a s  given t o  welding t h i s  heater  by 

ine r t  arc methods, it was f i n a l l y  decided t o  perform t h i s  operation 

by electron beam welding techniques. 

30,000-volt, 250-milliampere machine., The chamber on t h i s  uni t  is 

approximately 84 inches long, 36 inches deep, and 66 inches high. The 

chamber is evacuated by two 20-inch diffusion pumps and backed up by 

two 300-cubic-feet-per-minute mechanical roughing pumps. This vacuum 

pump system was capable of evacuating the chamber down t o  1X10’6 Torr 

i n  1 hour. 

1 hour, when clean procedures were observed i n  t h e  chamber. 

The equipment used was a 

A n  outgassing r a t e  was observed a t  1 micron increased i n  

In fabricat ing t h e  heater  i n  t h i s  chamber, a decision had t o  be 

made i n  method of welding. 

completed as one s ingle  length of tubing over 200 f e e t  long fabricated 

from 19-foot lengths, t h e  tubing would have t o  protrude through both 

ends of t h e  welding chamber; however, t h e  question arose whether t h e  

tubing should be rotated, or should the welding apparatus be rotat  ed. 

Obviously, s ince t h e  heater  would be 
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It, was agreed t o  attempt t o  a t t a i n  good welds by ro ta t ing  t h e  welding 

apparatxs 

A t a b l e  was avai lable  with the  electron beam welding equipment, 

which allowed ro ta t ion  of t h e  electron gun i n  t h e  horizontal  plane. 

This t a b l e  w a s  revised t o  allow the  gun t o  revolve in  t h e  v e r t i c a l  

plane. The tulxing would now pass thro.ugh one port  i n  t h e  chamber, 

t 'bough t h e  center of t h e  wel.ding t a b l e  s e t  ver t ica l ly ,  and then 

t h r o w h  t h e  port  i n  t h e  opposite end of the welding chamber. Neces- 

sa ry  fi .xturing w a s  provided at the  welding area t o  allow close abutment 

of t.he tu-bes t o  be joined, In  addit.ion to slipping t h e  tube through 

t h e  welding f ix tu re  and chambel- ports, a heater c o i l  was  a lso wrapped 

around t h e  tubing i n  t h e  f m  end o f  t h e  chamber,, away from t h e  welding 

apparatus. The k,eater c o i l  was used for overaging t h e  welds at 2200' F. 

I n i t i a l  attempts a t  making a good weld with t h e  gun ro ta t ing  around 

t h e  tube were very discouraging. The high voltage had t o  pass from t h e  

power leads t o  st.3;tionary power r a i l s  on t h e  welding t ab le .  

f i g .  6. ) The power rails  were mounted on nylon supports. Brass shoes 

then picked up t.he power and fed  tihe high .voltage supply in to  t h e  gun. 

Ser:ious arcing 'was o'bserved on the insulat ing supp:x%s on t h i s  apparatus. 

The shoes h.ad to be remachined and r.he ~upp0rt .s  cleaned. Finally,  with 

adequate shielding from th . e  praduels vaporized by electron beam, t h e  

t a b l e  remained clean and welding c.mmenced, 

(See 

Short lengths of t.ciri.ng were in i t ia1 l .y  used i n  t h e  chamber t.o 

eva1uat.e the fixt;uring, When t 'hese welds showed good penetration and 

quality,  f%.l.i. length t.l;lbes were inseIc.t,ed through t.he ports.  It was de- 

cided t3hat. no att.empt wou1.d be ma.de t o  evacuate t.o a high vacuum t h e  
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I . D .  of t h e  heater as  it grew i n  length. A baf f l e  was  inser ted inside * 

t h e  tube about 3 f ee t  from t h e  weld area. In  t h i s  manner, only one 

length of tubing required evacuation of t h e  I .D. ,  regardless of t h e  

length of t h e  tubing i n  t h e  co i l .  Therefore, on t h e  s ide  of t h e  heater  

where t h e  loops were formed, only a rough pumpdown was held. 

f ig .  5 . )  On t h e  s ide where t h e  ex t ra  tube was added, a diffusion pump 

and roughing pump held t h e  I .D.  of t h e  tube t o  a pressure of M O - ~  Torr 

and a n  outgassing r a t e  down t o  1-micron increase i n  1 hour. 

gassing r a t e  was only obtained by a system of high pur i ty  argon purges 

w i t h  subsequent preheat of t h e  tubing and pumpdown. 

(See 

The out- 

With t h i s  evacuation technique, t h e  first weld was made, then 

X-rayed and cut out f o r  analysis.  The analysis  indicated no contamina- 

t i o n  of t h e  weld. Subsequently, another weld was made, then heat 

t r ea t ed  at 2200' F, cut out, and analyzed. Once again, no contamination 

of t h e  weld metal was observed by t h e  processing techniques. 

The next weld ms then processed with X-ray inspection, heat 

t reated,  and t h e  two tube length was bent up t o  t h e  loop dimensions. 

New lengths of tubing were then added u n t i l  1 4  welds were made and a 

c o i l  over 200 f e e t  long was formed. In  obtaining 14 good welds, two 

bad welds were cut out and t h e  tubing rewelded. The bad welds were re -  

jected because of arc-over of t h e  welding apparatus, causing blow- 

through on t h e  tubing. This condition was eliminated by cleaning t h e  

electron gun. 

The applications discussed comprise e s sen t i a l ly  90 percent) of" t h e  

work necessitating electron beam welding. In  most instances,  these  ap- 

pl icat ions involve t h e  use of re f rac tory  metals. Occasionally, e lect  ron 



. 
beam techniques are used involving other than re f rac tory  materials.  A t -  

taching of metal l ic  auxi l ia ry  equipment t o  glass, metal, and ceramic- 

metal apparatus a t  times require  the  electron beam t o  keep t h e  heat- 

a f fec ted  area down t o  a minimum t o  prevent t h e  loss of g lass  components 

from heat shock. Other applications require  bead penetration through a 

s t a in l e s s - s t ee l  sheath in to  s t r a i n  gage apparatus supports. I n  these  

cases, t h e  requirements f o r  high depth-to-width r a t i o s  i n  t h e  weld beads 

a re  extremely important t o  prevent overheating of f i n e  wire c i r c u i t s  i n  

t h e  s t r a i n  gage. The electron beam method i s  most su i t ab le  i n  applica- 

t i o n s  of t h i s  type. 

Another area of i n t e re s t  i s  t h e  attachment of metals t o  nonmetals 

such as alumina and zirconia  re f rac tor ies .  Success i n  performing these 

operations have been l imited t o  small diameter tubes and wire a t tach-  

ment t o  t h e  ceramics. I n  a l l  cases, very l imited r e s u l t s  were ob- 

ta ined  when t h e  beam was directed on t h e  ceramic-metal jo in t  area. 

Best results were obtained when it was possible t o  d i r ec t  a l l  of t h e  

beam on t h e  metal and allow conduction of heat from t h e  metal t o  t h e  

ceramic t o  cause fusion of t h e  joint  area. 

Ekperience has indicated tha t  f ixtur ing,  along w i t h  knowledge of 

material character is t ics ,  account f o r  80 percent of t h e  e f fo r t  re- 

quired t o  obtain a sa t i s fac tory  product. The advantages gained by 

welding i n  a vacuum w i t h  a high energy densi ty  e lectron beam are 

counterbalanced by t h e  high degree of accuracy required i n  se t t i ng  up 

p a r t s  t o  be welded. Generally, a par t  is joined by normal he l ia rc  

methods, unless t h e  requirements f o r  c leanl iness  and small heat,- 

affected areas  c a l l  f o r  t h e  electron beam methods. Electron beam 
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joining i s  noted on p r in t s .  

tolerances a r e  much c loser  f o r  jo in t  preparations. 

The machinists then a r e  aware t h a t  t h e i r  

In preparing joints ,  usua l ly  an attempt i s  made t o  avoid focusing 

t h e  beam i n  t h e  center  of t h e  metal mass. When t h e  beam is focused i n  

t h e  center, t h e  contract ion that occurs upon s o l i d i f i c a t i o n  s e t s  up very 

high s t r e s ses ,  

l i za t ion ,  as tungsten, cracking occurs t o  r e l i eve  t h e  s t r e s s .  One way 

t o  eliminate cracking is t o  design t h e  jo in t  t o  prevent melting i n  t h e  

center  of a mass. Trepanning t h e  p a r t s  is  one way t o  accomplish t h i s .  

(See f ig s ,  7 and 8.) 

In  t h e  case where t h e  mater ia l  has a b r i t t l e  r ec rys t a l -  

Size consideration is  a l s o  of t h e  utmost importance, When attempt- 

ing dissimilar mat,erial jo in ts ,  it is usua l ly  worthwhile t o  place t h e  

more highly expansive mater ia l  on t h e  I.D. and t h e  l e s s  expansive 

material  on t h e  O.D., when dealing with r e f r ac to ry  mater ia ls .  Less 

cracking of j o i n t s  i s  observed with t h i s  technique. Some d i s s imi l a r  

combinations tend t o  form b r i t t l e  in te rmeta l l ics ,  even though t h e  

parent mater ia ls  a r e  bas i ca l ly  duc t i l e .  

l u m  usually r e s u l t s  i n  a b r i t t l e  j o in t .  

a f i l l e r  improves t h e  d u c t i l i t y  and gives  a crack-free joint , ,  

weld metal formed would, of course, have a somewhat lower melting 

point and would have t o  be compatible t o  t h e  appl icat ion.  

Welding molybdenum t o  t a n t a -  

The addition of t i t an ium as 

The 

Another method used at t h e  Lewis Research Center is c i r c l e  

operation i n  t h e  electron beam. 

number of tubes t o  en ter  i n t o  a header p l a t e .  

34 ceramic feed-thru connectors t o  be attached t o  a s t a i n l e s s - s t e e l  

p la te .  

Many appl ica t ions  requi re  a l a rge  

One applicaxion requi res  

The connectors have 3/8-inch-dimeter nickel-iron t itbee 
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attached t o  t h e  ceramics by metallizing. 

i ron tube must be attached t o  t h e  s t a in l e s s - s t ee l  plates .  Attempting t o  

put 34 of these tubes in to  a 3-inch-diameter s t a in l e s s - s t ee l  p l a t e  i s  an 

almost impossible t a s k  with normal e lectron beam techniques. Circle  

generation of t h e  beam, however, s implif ies  t h i s  task.  The 34 tubes 

a r e  f i t t e d  t o  t h e  s t a in l e s s  p l a t e  i n  a revolving chuck f i x t u r e  with 

t h e  s t a in l e s s  p l a t e  horizontal. The tubes a re  then programmed and 

spotted over t h e  electron beam generated c i r c l e .  In  t h i s  manner, 

34 welds a r e  made, tube t o  header, i n  only one pumpdown of t h e  chamber. 

The other  end of t h e  nickel-  

Many applications require  extremely good evacuation techniques 

p r io r  t o  welding. In  these  cases, t h e  par t  t o  be welded i s  f i t t e d  up 

with a heater t o  preheat t h e  apparatus t o  approximately 350’ F. The 

chamber i s  baked out with radiat ion heaters, and argon purges of t h e  

chamber a r e  conducted t o  obt.ain pressures of lXLO-’ Torr, and a cham- 

be r  blankoff increase i n  pressure of l e s s  than 1 micron in  1 hour. 

Generally, i n  accomplishing a t a s k  by t h e  electron beam welder, 

80 percent of t h e  t a s k  is  considered accomplished p r io r  t o  t h e  par t  

being inser ted i n  t h e  weld chamber p r io r  t o  welding. 

ances needed on jo in t  preparation and material  knowledge has required 

t h e  use of personnel who are well acquainted with f ixtur ing,  machining, 

and model making. When attempting jo in t s  f o r  space engine components, 

t h e  success o r  f a i l u r e  of t h e  assembly depends t o  a great exLenC on 

how w e l l  t h e  welding personnel understand materials and on metal move- 

ment when heat is applied. A t  t he  Lewis  Research Center, t h e  welding 

personnel a r e  selected from instrument model-making personnel. 

understand t h e  i n t r i c i e s  of jigging and f ix tur ing  and understand metal 

The close t o l e r -  

They 
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movement, tolerances required, and heat e f f ec t s  when t h e  beam i s  ap- 

plied.  

ment maintenance, vacuum system control, and t o  a ce r t a in  extent, 

t rouble-shoot t h e  electronic  c i r c u i t s  

Since they a re  bas i ca l ly  instrument men, they can handle equip- 

Electron beam welding a t  Lewis has i n  t h e  past  accomplished many 

previously impossible joining problems. The fu ture  f o r  e lectron beam 

techniques i n  joining space propulsion components i s  d e f i n i t e l y  show- 

ing signs of increased application. 
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Figure 1. - Plate and box ion emitter. 

Porous 

Figure 2. - Ion emitter assembly. 
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Figure 3. - Ion engine emitter assembly. 
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Figure 4. - Porous tungsten ion engine emitter assembly. 
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Figure 5. - Columbium - I-percent zirconium heater manufacturing operation. 

Figure 6. - Fixture for welding 1-inch I. D. columbium - 1-percent zirconium 
tubing. 
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Figure 7. 1 - Joint preparation for welding. 
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Figure 8. -Welding with fillers preplaced. 


